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Abstract
The restoration of spontaneous symmetry breaking for a scalar field theory for an accelerated observer
is discussed by the one-loop effective potential calculation and by considering the effective potential for
composite operators. Above a critical acceleration, corresponding to the critical restoration temperature,Tc,
for a Minkowski observer by Unruh relation , i.e. ac/2π = Tc, the symmetry is restored. This result confirms
other recent calculations in effective field theories that symmetry restoration can occur for an observer with
an acceleration larger than some critical value. From the physical point of view, a constant acceleration is
locally equivalent to a gravitational field and the critical acceleration to restore the spontaneous symmetry
breaking corresponds to a huge gravitational effect which, therefore, prevents boson condensation.
PACS numbers: 04.20.Cv,11.10.Wx,11.30.Qc
INTRODUCTION
In quantum field theory in flat space-time a
spontaneously broken symmetry can be restored
above some critical temperature [1–3].
On the other hand, whenever the background
geometry is endowed with a black-hole or an
event horizon, the related vacuum physically be-
haves like a thermal bath of quanta with a tem-
perature , TH , proportional to the surface grav-
ity [4].
Therefore one expects that symmetry
restoration occurs also in strong enough gravi-
tational fields, i.e. near a horizon [5]. On the
other hand, the near horizon approximation of a
black-hole metric corresponds to a Rindler met-
ric, i.e. the metric of an observer with constant
acceleration , a, equal to the surface gravity and
Unruh [6, 7] showed that for any accelerated
observer there is an intrinsic thermal nature of
the ground state : he/she feels a thermal bath
with temperature T = a/2π.
Moreover, a broken symmetry can be also re-
stored if a classical external field strength ( a
magnetic field, for example) exceeds a critical
value. Infact a particle coupled with an external
field suffers a proper acceleration depending on
the field strength.
The pervious discussion clearly indicates that
a restoration of the symmetry can occur for an
observer with an acceleration larger than some
critical value independently on the specific dy-
namical mechanism that produces the accelera-
tion.
Indeed in ref. [8] it has been shown that for
the Nambu - Jona Lasinio (NJL) model in an
accelerated frame, the chiral symmetry (broken
for a = 0) is restored for acceleration larger than
a critical value ac, corresponding to ac/2π =
Tc, where Tc is the critical temperature for the
restoration of the symmetry due to standard (
flat space-time) thermal fluctuactions.
In ref. [9] the behavior of quark and diquark
condensates as seen by an accelerated observer
has been studied and critical values of the ac-
celeration for the restoration of chiral and color
symmetries have been estimated.
The dissociation of mesons, described as ro-
tating string in Rindler space, by acceleration
has been analyzed in ref. [10] with the conclusion
that above a critical acceleration ac ≃
√
σ/J ,
where σ is the string tension and J is the angular
momentum, mesons undergo dissociation.
In this letter we discuss the restoration of
spontaneous symmetry breaking for λφ4 theory
with similar results: above a critical accelera-
tion, corresponding to the critical restoration
temperature by Unruh relation , i.e. ac/2π = Tc,
the symmetry is restored. The calculations are
based on the one-loop effective potential evalua-
tion and its generalization for composite opera-
tors [11] (CJT) which gives the resummation of
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an infinite set of diagrams by self-consistent gap
equations.
Initially (Sec.1) we recall briefly some gen-
eral features of a scalar field theory in Rindler
metric. In Sec.2 we discuss the one-loop calcu-
lation of the effective potential for λφ4 theory
for an accelerated frame and the results by the
CJT method. General considerations about the
symmetry breaking due to acceleration and the
Hawking-Unruh radiation are in the final section
devoted to comments and conclusions.
1. λφ4 IN RINDLER METRIC
The action for the λφ4 scalar theory in
Rindler spacetimes [7] can be written as follow:
I(φ) =
∫
d4x
√−g 1
2
∂µφg
µν∂νφ− 1
2
m2φ2 − λ
4!
φ4
(1)
where x = (η, ρ,x⊥), x⊥ ≡ (x, y) and the
Rindler metric tensor gµν is given by :
ds2 = ρ2dη2 − dρ2 − dx2⊥ (2)
gµν = diag(ρ
2,−1,−1,−1) g = Detgµν (3)
Since the two Rindler wedge are causally dis-
connected from each other [7] we restrict our
consideration to the right Rindler wedge. Calcu-
lation in the left wedge can be performed in the
same way.
The Klein-Gordon equation for the scalar
field φ(x) is
(∂µ
√−g∂µ +√−gm2)φ(x) = 0 (4)
Taking the Fourier transform with respect to
(η,x⊥):
φ(x) =
∫
dω d2k⊥
(2π)3
ei(k⊥·x⊥−ωη)φ(ω, ρ), (5)
the normalized solution turns out
φ(ω, ρ) = 2
√
ω sinh(πω)
π
Kiω(αˆρ) (6)
where Kiω(αˆρ) is the modified Bessel function of
second kind and αˆ =
√
k2
⊥
+m2.
The two-point Green’s function of the
free scalar field in the right Rindler wedge,
Gm(x, x′, q2) , is defined by the equation:
[∂µ
√−ggµν∂ν+
√−gm2]Gm(x, x′, q2) = 1√−g δ(x−x
′)
(7)
The Fourier trasform of Gm(x, x′, q2) with respect
to (η,x⊥) is given by
Gm(x, x′, q2) = Gm(η − η′, ρ, ρ′,x⊥ − x′⊥, q2) =
=
∫
dω
2π
∫
d2k⊥
(2π)2
f
ω,~k⊥
(~x⊥, ~x
′
⊥
, η, η
′
)Gm(ω, ρ, ρ′,k⊥, q2)
(8)
where
f
ω,~k⊥
(~x⊥, ~x
′
⊥, η, η
′
) = ei[k⊥·(x⊥−x
′
⊥)−ω(η−η
′)] (9)
By substituting back into Eq. (7) one finds:
∆mRGm(ω, ρ, ρ′,k⊥, q2) =
1
ρ
δ(ρ− ρ′) (10)
where
∆mR = [−
ω2
ρ2
− 1
ρ
∂
∂ρ
− ∂
2
∂ρ2
+ (k2
⊥
+m2)] (11)
The world line in Rindler coordinates of a uni-
formly accelerated observer with proper constant ac-
celeration a is given as,
η = aτ ρ =
1
a
x⊥ = const (12)
and it has been generally proved [13] that Euclidean
two point functions in Rindler coordinates are peri-
odic in the direction of time with period a.
Since the Euclidean Rindler spacetime has a sin-
gularity at ρ = 0 one requires that the period of
the imaginary time is β = 2π/a. With this partic-
ular choice the Euclidean formalism in Rindler co-
ordinates coincides with the finite temperature Mat-
subara formalism and therefore the following substi-
tutions will be necessary in evaluating the effective
potential in the next sections:∫
dk0
2π
=
∫
dω
2π
→
∑
n
1
β
(13)
k0 = ω → iωn ωn = 2nπ
β
= n (14)
Gm(ω, ρ, ρ′,k⊥, q2) → −Gm(ωn, ρ, ρ′,k⊥, q2) (15)
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2. EFFECTIVE POTENTIAL FOR ACCEL-
ERATED OBSERVER
Let us now study the effective potential for a
Rindler observer when for a Minkowski observer the
effective potential is assumed to possess a symmetry
breaking. For classical constant field configuration,
φc, the one loop effective action in Rindler coordi-
nates turns out to be:
Γ[φcl] = I(φcl) +
1
2
ih¯ lnDet(∂µ
√−g∂µ +√−gM2)
(16)
= I(φcl) +
1
2
ih¯
∫
d4x ln(∂µ
√−g∂µ +M2√−g)
where M2 = m2 + λφ2cl and I(φcl) is given by
I(φcl) = −
∫
d4x
√−g(1
2
m2φ2cl +
λ
4!
φ4cl). (17)
The effective potential ( φcl = φ0, h¯ = 1) is defined
as
V R(φ0) = − Γ(φ0)∫
d4x
√−g (18)
and by the following relation,∫
d4x ln(∂µ
√−g∂µ +M2√−g) (19)
=
∫
d4x
√−g
∫ M2
0
dq2GM (x, x′, q2) + const, (20)
where GM (x, x′, q2) is defined by previous eqs.(8-11)
with the substitution m2 →M2, it turns out to be
V R(φ0) =
1
2
m2φ20 +
λ
4!
φ40 −
i
2
∫ M2
0
dq2GM (x, x′, q2).
(21)
In Euclidean space with the periodic boundary con-
dition in eqs.(13,14) and by introducing the Fourier
transform of the Green’s function, eq.(8), the previ-
ous equation gives
V R(φ0) =
1
2
m2φ20 +
λ
4!
φ40 (22)
+
1
4π
∑
n
∫
qk
f
ω,~k⊥
(~x⊥, ~x
′
⊥, η, η
′
)GM (ρ, ρ′, q2)
where ∫
qk
≡
∫ M2
0
dq2
∫
d2k⊥
(2π)2
(23)
and GM (ρ, ρ′, q2) ≡ −GM (ωn, ρ, ρ′,k⊥, q2) is now so-
lution of the equation
[
ω2n
ρ2
−1
ρ
∂
∂ρ
− ∂
2
∂ρ2
+(k2
⊥
+M2)]GM (ρ, ρ′, q2) = 1
ρ
δ(ρ−ρ′)
(24)
which , according to eq.(6) can be written as
GM (ρ, ρ′, q2) =
∫ +∞
0
dω
2π
φ(ω, ρ)φ(ω, ρ′)
ω2n + ω
2
(25)
Since the world line in Rindler coordinates of a uni-
formly accelerated observer with proper constant ac-
celeration a is given by eq.(12), one sets η = η′ = aτ
and ρ = ρ′ = 1
a
and by changing the integration vari-
able in Eq.(25) from ω to ω
a
, it turns out
V R(φ0) =
1
2
m2φ20 +
λ
4!
φ40 (26)
+
1
2π a
∑
n
∫
qk
∫ +∞
0
dω
ω
a
sinh
πω
a
K2iω
a
(α
a
)
ω2
a2
+ ω2n
By performing the sum on the Matsubara frequency
the final result for the effective potential is
V R(φ0) =
1
2
m2φ20 +
λ
4!
φ40 (27)
+
1
2a
∫
qk
∫ +∞
0
dω g(ω)K2iω
a
(
α
a
)
with α2 = k2
⊥
+ q2 and
g(ω) = cosh
πω
a
(28)
In order to calculate the critical acceleration ac
for symmetry restoration we will impose the following
condition [3]:
∂ V R(φ0)
∂φ20

φ0=0
= 0 (29)
which gives
m2
2
+
λ
8π3 a
∫ +∞
0
dω g(ω)
∫ +∞
0
dk kK2iω
a
(
√
k2 +m2
a
) = 0
(30)
where we set |~k⊥| = k for notation convenience.
The computation of the integrals is straithforward
and one gets
m2
2
+
λ
16π2
∫ +∞
0
dω ω(1 +
2
e
2piω
a − 1) = 0 (31)
in complete analogy with the finite temperature case
[3]. Indeed by defining the renormalized mass to can-
cel the quadratic divergence
m2 → m2 + δm2 (32)
the critical acceleration is obtained by the equation
m2
2
+
λ
16π2
∫ +∞
0
dω
2ω
e
2piω
a − 1 = 0 (33)
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which, for large acceleration, gives
m2
2
+
a2λ
32π4
π2
6
= 0 (34)
i.e.
T 2c =
a2c
4π2
= −24m
2
λ
(35)
in agreement with the one-loop calculation in
Minkowski space-time at finite temperature [3]
(−m2 > 0).
Although the final result is as expected , the cal-
culation in not enterely trivial. Morover the deter-
mination of the critical acceleration from one loop
effective potential suffers the same infrared problem
of the finite temperature calculation related with the
mode n = 0.
As well known, in finite temperature field the-
ory a reliable evaluation of the critical temperature
requires the resummation of an infinite subset of di-
agrams [3]. This can be more easily done by consid-
ering the effective potential for composite operators
(CJT) [11], extensively applied at finite temperature,
since the relevant, infinite, subset of diagrams is au-
tomatically resummed by the gap equations corre-
sponding to the minimum conditions of the effective
potential with respect to the relevan physical param-
eters of the theory.
In the analysis of the spontaneous symmetry
breaking and its restoration for λφ4 theory by CJT
method in the Hartree-Fock approximation ( i.e.
by considering the lowest order contribution to the
gap equation), the relevant operators are φˆ(x) and
φˆ(x)φˆ(y) and the corresponding parameters are the
vacuum expectation value of the field and the mass
in the two-point function. The calculations at finite
temperature have been carried out in ref.[12].
Since the gap equations in the Hartree-Fock ap-
proximation correspond to a one-loop, self consistent,
calculation of the self-energy ( see [12] for details),
from our previous, explicit, one-loop calculation and
from the complete analogy of the Green’s functions
between a Minkowsky observer at finite temperature
and an accelerated observer with T = a/2π [13], it
follows that a more reliable evaluation of the critical
acceleration ac/2π = Tc with respect to the one-loop
result in eq.(35) can be obtained by following the
same analysis of ref. [12].
However the most interesting aspect is not the ex-
act value of the critical acceleration but the restora-
tion of the symmetry for an accelerated observer (
see [13], sec. IV, for a different point of view).
3. COMMENTS AND CONCLUSIONS
The restoration of chiral and color symmetries in
the Nambu - Jona Lasinio model for an observer with
a costant acceleration above a critical value [8, 9]
and the calculation performed in the previous section
clearly indicate that one can restore broken symme-
tries by acceleration.
Although the technical aspects of the previous
calculations are sound, the physical mechanism of
the restoration is unclear if one does not recall that a
constant acceleration is locally equivalent to a grav-
itational field. The critical acceleration to restore
the spontaneous symmetry breaking corresponds to
a huge gravitational effect which prevents boson con-
densation [5] as in the case of a non relativistic, ideal
Bose gas [14].
On the other hand, for accelerations due to the
observed weak gravitational fields the corresponding
Hawking-Unruh temperatures are too small to pro-
duce measurable effects. There are very interesting
attempts to find gravity-analogue of the Hawking-
Unruh radiation [15, 16] and, in our opinion, high
energy particle physics seems the more promising sec-
tor to observe this effect. Indeed, a temperatute
T ≃ 170 Mev , corresponding to an acceleration
O(1035 cm/s2), has be reached in relativistic heavy
ion collisions and the hadronic production can be un-
derstood as Hawking-Unruh radiation in Quantum
Chromo-Dynamics [17].
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